Transcutaneous stimulation of the auricular branch of the vagus nerve (ABVN) resulted in deactivation of temporal lobe structures, similar to invasive cervical vagus nerve (CVN) stimulation. Presumably, both methods stimulated myelinated afferent beta axons mediating anticonvulsive effects. How numbers of A beta axons in the human ABVN compare to those of the CVN is unknown. The ABVN, CVN, recurrent laryngeal nerve (RLN) and thoracic vagus nerve (TVN) were dissected from embalmed bodies. Numbers and calibers of myelinated axons were analyzed in semithin sections. Myelinated axons in the left and right ABVN averaged to 385 and 363, respectively. Numbers of A beta axons measuring 7 mm averaged to 64 and 78 on the left and right, respectively. Numbers of A beta axons in CVN were estimated by subtracting myelinated presumed motor axons in RLN from the total count of CVN. This resulted in 280 and 504 A beta axons on the left and right, respectively, concurring well with the thick myelinated axon count of the ipsilateral TVN (255 and 466, respectively). Thus, the ratio of A beta axons in the ABVN and CVN was 1:5 and 1:6 on the left and right side, respectively. These results indicate that transcutaneous ABVN stimulation might be a promising alternative to invasive CVN stimulation.
the cymba conchae (Peuker and Filler, 2002) . Noninvasive cymba conchae stimulation produced amongst others a significant activation of the ipsilateral nucleus tractus solitarii, the first central relay of vagal afferents. These findings provide evidence in humans that the central projections of ABVN afferents are consistent with the central projections from the cervical vagus nerve (Ellrich, 2011; Frangos et al., 2015) .
These findings are strikingly similar to those of previous i-VNS studies (Vonck et al., 2007) . Animal studies recently showed no difference in anti-convulsive effects between i-VNS and t-VNS (Dedeurwaerdere et al., 2005) . A recent pilot study showed that t-VNS of the ABVN reduced seizures in five patients with pharmacoresistant epilepsy while in 2 patients the number of seizures increased (Stefan et al., 2012) .
As no parasympathetic visceral effects are detected during i-VNS, it was concluded that preganglionic efferents and unmyelinated C-axons were not activated during cervical vagal stimulation (Henry, 2002) . In rats where vagal afferent C-Fibers have been destroyed using capsaicin, i-VNS reduced seizures as effectively (Krahl et al., 2001) . Even with t-VNS, patients do not complain about painful sensations (Stefan et al., 2012) , suggesting that afferent C-axons and thin myelinated A delta axons were presumably not activated. Thus, it can be assumed that effective stimulation in humans is mediated by thick afferent A beta axons (Evans et al., 2004) . Each nerve fiber group has a different amplitude duration threshold required to elicit an action potential. With the amplitudes used in both invasive and transcutaneous VNS, we can presume that A beta axons are involved (Evans et al., 2004; Vonck et al., 2007) . According to the Erlanger and Gasser classification, A beta axons have diameters from 7 mm upwards (Erlanger and Gasser, 1938; Gasser and Grundfest, 1939) .
Considering the apparent calibre difference between the ABVN and CVN, the question arose how the number of thick myelinated presumed A beta axons of the ABVN relates to that of the CVN. This study aimed at determining the number of all myelinated axons in the human ABVN, and to compare the number of A beta axons to those of the CVN of the same individual. The numbers of thick myelinated axons in the recurrent laryngeal nerve (RLN), presumably motor, and thoracic vagal nerve (TVN), presumably afferent (Schnitzlein and Hoffman, 1958; Widdicombe, 1982; Henry, 2002; Vonck et al., 2007) , were also studied, enabling us to calculate the numbers of presumed afferent A beta axons with diameters 7 mm in the CVN.
SUBJECTS AND METHODS
Sixteen bodies donated to the Institute of Anatomy of the University of Erlangen-N€ urnberg for the purpose of research, teaching and postgraduate training, were used (11 males, 5 females, median age 73 years, range 50-96 years). All procedures adhered to the principles of the Declaration of Helsinki on research in Human Beings and were approved by the Ethics Committee at the University of Erlangen-N€ urnberg. Fifteen bodies were embalmed with formaldehyde according to standard procedures. Because they were previously used in gross anatomy courses for medical students, the dissection of the nerves for this study started about 8 months after primary fixation.
Following craniotomy the brain was removed and the ventral wall of the jugular fossa, which was not touched during the previous routine student dissections, was exposed via a dorsal approach by removing the bulbus venae jugularis under a dissection microscope. The course of the ABVN from the jugular ganglion to its entry into the canaliculus mastoideus was identified. After identification of the origin of the RLN, the CVN, RLN, and TVN were cut, 5 cm proximal and distal to the branching site of the RLN. Altogether 18 segments (9 left, 9 right) of the ABVN were removed, with corresponding CVN, RLN, and TVN. In three cases (bodies #5,#6,#7) the ABVN was dissected bilaterally in the same individual. Age, sex, disease history and removed nerve segments are presented in Table 1 .
Another body (#16) was not allocated to the group of bodies #1-#15, as this was not embalmed as mentioned above. Dissection of the ABVN was performed after formaldehyde perfusion fixation of the head through the carotid artery 8-hr post mortem and subsequent immersion in the same fixative for 1 week. Dissected nerves were postfixed for 10 hr in 2.5% glutaraldehyde in 0.1M phosphate buffer, osmicated in OsO 4 and embedded in Epon according to standard protocols. Semithin cross sections (0.5-2mm) were stained with methylene blue. Sections were analyzed in a Leica Aristoplan microscope (Leica, Wetzlar, Germany), equipped with a 1003 oil-immersion objective (n.a. 1.3), and a digital camera (Visitron Systems, Puchheim, Germany).
In the ABVN all myelinated axons, in the CVN, RLN, and TVN only myelinated axons with diameters 7 mm (measured with myelin sheath), were counted and ratios were calculated in each individual and for each side. The number of presumed afferent A beta myelinated axons 7 mm in the CVN was determined either by counting these axons (presumed afferent) in the TVN or by subtracting the numbers of myelinated axons 7 mm in RLN (presumed efferent) from those in CVN. Nerve and axon diameters and average nerve diameters were calculated, from a long and short axis perpendicular to each other, using Visitron Spot software (Visitron Systems, Puchheim, Germany). For validating this method, the NIS elements software (Microscope Imaging Software, Nikon, Melville, NY) was used to calculate axon diameters from cross-sectional areas. For comparing these two methods the left ABVN of body #16 was used (Fig. 3) .
The paired t test, Mann-Whitney test and Wilcoxon signed-rank test were used to analyze differences between group means. A confidence level of P 0.05 was considered significant. In the Wilcoxon test, the critical value of W for N 5 9 at P 0.05 is 5. Abbreviations as in Table 2 .
AURICULAR VAGUS NERVE BRANCH

RESULTS
An auricular branch of the vagus nerve (ABVN) was present in all individuals. It emerged from the superior ganglion of the vagus nerve within the jugular fossa, and ran between the internal jugular vein and the anterior bony wall of the jugular fossa towards the mastoid canaliculus. During this course the ABVN ran either without any bony covering or was partially encased by bone (Tekdemir et al., 1998) . However, due to the extremely thin caliber and its difficult dissection, we were able to microscopically evaluate only 18 out of 30 nerves. Despite prolonged storage in routine embalming solutions before dissection and post fixation, myelinated axons in all nerves from bodies #1 to #15 were preserved in a condition suitable for histological evaluation (representative examples in Fig. 1A,B) . On the other hand, axons of the ABVN from Body #16 were very well preserved.
The CVN was composed of numerous fascicles, whereas the ABVN, TVN, and RLN were not. Some fascicles of the CVN mainly contained thick myelinated axons, while others were composed mainly of small myelinated and unmyelinated axons. The RLN was mainly composed of thick myelinated, presumably motor axons. Total numbers and diameters of axons in the ABVN varied widely. There was no grouping of axons of a particular size in one particular cross-sectional area of the ABVN, TVN and RLN. The left ABVN from body #16 showed an exceptional high number of thick myelinated axons, in contrast to the right ABVN, where the usual size distribution was observed (Fig. 2) .
Morphometric Analysis
The median diameters, as determined from long and short axes, of the left and right ABVN from bodies #1-15 were 261.5 mm (range 176-527 mm) and 307 mm (range 168-501 mm), respectively (Tables 2 and 3 ). The median diameters of the left and right CVN, RLN, and TVN from bodies #1-15 were 1,453, 1,137, 1438.5 mm, and 1598.5, 1146, 1277 mm, respectively (Tables 2 and   3 ). Left and right nerve diameters were not significantly different (P 5 0.87, 0.4, 0.47, 0.99 and W 5 21, 17, 21, and 22 respectively).
The measurement of axon diameters in the ABVN using two different methods yielded comparable results (Fig. 3) . The average diameter of myelinated axons, as calculated from the long and short axis (Visitron Spot), was 8.1 mm (range 2.5-12.0 mm). On the other hand with the NIS elements software an average diameter of 8.0 mm (range 3.2-12.3 mm) was calculated from cross sectional area. Fig. 3 shows the average diameter of 93 axons of the left ABVN from body #16, as measured with both methods.
The total number of myelinated axons in the left ABVN varied from 237 to 544 (average 384) and in the right ABVN from 180 to 548 (average 362); the difference was not significant (P 5 0.69, W 5 22). In three bodies (# 5, 6, 7) 367, 450 and 333 axons were counted in the right and 381, 304, and 272 axons on the corresponding left side of the same cadaver. About 7-29% of the myelinated axons in the left and 11-27% in the right ABVN had a diameter 7 mm, without significant difference between left and right (P 5 0,6 W 5 22; Tables 2 and 3). One exception was the left ABVN from body #16. One-thousand and seven myelinated axons 7 mm in diameter were counted from the total myelinated axon count of 1,579, whereas on the right side only 280 myelinated axons 7 mm in diameter were found from a total count of 955 myelinated axons (Fig. 2) . No correlation was found between the number of myelinated axons with diameters 7 mm and the total count of myelinated axons of the same nerve (Tables 2 and 3 ). Figure 4 shows the frequency distribution of caliber classes of myelinated axons of the left (Fig. 4a) and right (Fig. 4b) ABVN . The largest groups are thin myelinated axons, exhibiting diameters between 2.5 and 5mm, comprising about 50% of all myelinated axons on both sides. The number of myelinated axons decreased toward larger diameters. A trend towards age dependent decrease of myelinated axons could be noted (Tables 2 and 3 ). There was no significant difference regarding the number and distribution of myelinated axons, regardless of the diameter, between the right and left side (Tables 2 and  3 , Fig. 4) .
Diabetes was documented in three, cancer in six individuals. The number of myelinated axons in ABVN, particularly those with diameters 7 mm was significantly lower in Individuals with a history of diabetes and a high age at death (80 years) (P 5 0.022, W 5 5; Tables 2  and 3 ). However, a significantly lower number of myelinated axons in CVN, TVN, and RLN in individuals with a history of cancer, diabetes or in elderly individuals (80 years) was not found.
On each side of each individual there were significantly higher numbers of thick myelinated axons >7 mm in the CVN compared with ABVN, RLN, and TVN (Tables 2 and  3) . On average the number of thick myelinated axons in CVN on the left side was 682 (range 398-1,017) and on the right side 976 (range 700-1,533). This difference was significant (P 5 0.02, W 5 5). Also a significantly higher number of myelinated axons 7 mm in diameter was found in the right TVN in comparison to the left side (P 5 0.003, W 5 1). Neither in the RLN nor in the ABVN, the difference in number of myelinated axons 7 mm was significant between the left and right side.
The ratio between the numbers of thick myelinated axons with diameters 7 mm in the ABVN and the number of A beta axons in the TVN was 1:4 on the left side and 1:5 on the right side if calculated from average values and 1:5 and 1:7, respectively, if calculated from the median. Subtracting the number of thick myelinated axons of the RLN from the number of thick myelinated axons in the CVN, yielded similar ratios of 1:5 on the left side and 1:6 on the right side (Tables 2 and 3 ). There is considerable variability both between individuals and the left and right side of the same individual.
DISCUSSION
This study demonstrated for the first time that the human ABVN comprises thick myelinated axons of the A beta class, which are only five to six times less numerous than those in the CVN. This may represent an anatomical basis for clinical effectiveness of transcutaneous vagal nerve stimulation in the external ear as a valuable alternative to invasive stimulation of the cervical vagus nerve (Henry, 2002; Kraus et al., 2007; Ellrich, 2011; Fisher, 2012; Stefan et al., 2012) . The feasibility and beneficial effects of transcutaneous nerve stimulation in the left auditory canal of healthy subjects have been studied by Kraus et al., (2007) . Neuroimaging techniques including functional magnetic resonance imaging (fMRI) showed the same cerebral changes after i-VNS and t-VNS (Frangos et al., 2015) . Stefan et al., (2012) used t-VNS via electrical stimulation of the left ABVN in order to test whether t-VNS is a safe, effective and well tolerated treatment in pharmacoresistant epilepsy. In five out of seven patients an overall reduction of seizure frequency was observed after 9 months of treatment. Other studies also indicated that auricular acupuncture may suppress seizures (La Marca et al., 2010; He et al., 2012) .
Fixation with formaldehyde caused shrinkage of tissues. A comparison between Figs. 2 and 4 show that the size distribution of all myelinated axons in the right ABVN from body #16, which has been fixed in formaldehyde for a much shorter time, is very similar to that of ABVNs from bodies #1 to #15 (Fig. 4) . This may indicate that shrinkage of tissues caused by formaldehyde does not much depend on the duration of fixation. CVN, RLN and TVN were fixed in the same solutions. Therefore the ratio of myelinated axons 7 mm in diameter between ABVN and CVN should not be influenced by shrinkage artifacts.
We counted all myelinated axons in the ABVN. Nearly 50% of myelinated axons showed a diameter between 2.5 and 4.5 mm. Using the Erlanger and Gasser classification of axons, these belong most likely to the afferent A delta category (Erlanger and Gasser, 1938; Gasser and Grundfest, 1939) .
Numbers of myelinated axons 7 mm belonging to the A beta class in both right and left ABVN, representing on average about one-fifth of the total myelinated axon count, vary widely between individuals. This could explain why t-VNS of the ABVN may not be efficient in some patients. Bodies with a history of diabetes showed lower numbers of thick myelinated axons. This suggests that diabetes could lower the number of myelinated axons in addition to chronic alcoholism and aging, in line with the literature (Guo et al., 1987; Mortelliti et al., 1990; Tiago et al., 2008) . However, no reduction in axon number was noted in body #8 with a history of alcoholism. In individuals with a history of cancer (#1, 2, 7, 11 and 13), only in body #13 with high age (89 years) and a history of prostate cancer the axon number was remarkably lower. This indicates that the cause for reduction of myelinated axon number may be multifactorial.
One left ABVN (from body #16) showed an exceptionally high number of thick myelinated axons. It was reported that the well known ear-cough reflex was elicited in only 2% of patients (Gupta et al., 1986; Guo et al., 1987; Tekdemir et al., 1998) . Probably, individuals in whom an ear-cough reflex can be elicited may possess an ABVN with a particularly high number of A beta axons.
Axons with a diameter >7 mm belong either to the A alpha or A beta classes (Gasser and Grundfest, 1939) . The thick myelinated axon population in CVN consists of efferent A alpha motor neurons and afferent A beta axons, in RLN of mainly efferent A alpha motor axons and in TVN mainly of afferent A beta axons (Schnitzlein and Hoffman, 1958; Tiago et al., 2008) . A beta axon in the CVN most likely represent thick caliber A beta afferents already present in the TVN originating in bronchi and lungs (Widdicombe, 1982) . Numbers of A beta axons in TVN fit nicely to figures obtained by subtracting the number of A alpha motor axons in the RLN from the total thick myelinated axon count in the CVN. Numbers of presumed A alpha axons in the RLN of our sample corresponded well to data from the literature (Tiago et al., 2008) .
Visceral side effects may occur, if efferent axons are stimulated during i-VNS. Considering that each axon group has a different amplitude duration threshold to elicit an action potential, mainly afferent A beta axons are stimulated by i-VNS (Evans et al., 2004) . To minimize side effects of i-VNS, the left CVN is used, considering the asymmetric innervation of the heart (Henry, 2002; Dedeurwaerdere et al., 2006; Vonck et al., 2007) . We have calculated significantly more myelinated axons in the right than in the left CVN. This is in line with previous reports (Schnitzlein and Hoffman, 1958; Hoffman and Schnitzlein, 1961) . On the other hand, Krahl et al., (2003) showed that by stimulating the right CVN in mice, seizures were reduced as effectively as by stimulating the left CVN (Krahl et al., 2003) . This may suggest that the effectiveness of the i-VNS/t-VNS is not closely linked to the amount of A beta axons.
Calculating the ratio of A beta axons in ABVN versus CVN for each individual and each side, both procedures of estimating the numbers of A beta axons in CVN, that is, axons 7 mm in TVN versus axons 7 mm in CVN-RLN, resulted in a similar ratio of one to five on the left side and one to six on the right side. Similar comparisons in the literature are not available.
